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-Nitrite is a storage reservoir of nitric oxide that is readily reduced to nitric oxide under pathological conditions. Previous studies have demonstrated that nitrite levels are significantly reduced in cardiovascular disease states, including peripheral vascular disease. We investigated the cytoprotective and proangiogenic actions of a novel, sustained-release formulation of nitrite (SR-nitrite) in a clinically relevant in vivo swine model of critical limb ischemia (CLI) involving central obesity and metabolic syndrome. CLI was induced in obese Ossabaw swine (n ϭ 18) by unilateral external iliac artery deployment of a full crosssectional vessel occlusion device positioned within an endovascular expanded polytetrafluoroethylene-lined nitinol stent-graft. At post-CLI day 14, pigs were randomized to placebo (n ϭ 9) or SR-nitrite (80 mg, n ϭ 9) twice daily by mouth for 21 days. SR-nitrite therapy increased nitrite, nitrate, and S-nitrosothiol in plasma and ischemic skeletal muscle. Oxidative stress was reduced in ischemic limb tissue of SR-nitrite-compared with placebo-treated pigs. Ischemic limb tissue levels of proangiogenic growth factors were increased following SR-nitrite therapy compared with placebo. Despite the increases in cytoprotective and angiogenic signals with SR-nitrite therapy, new arterial vessel formation and enhancement of blood flow to the ischemic limb were not different from placebo. Our data clearly demonstrate cytoprotective and proangiogenic signaling in ischemic tissues following SR-nitrite therapy in a very severe model of CLI. Further studies evaluating longer-duration nitrite therapy and/or additional nitrite dosing strategies are warranted to more fully evaluate the therapeutic potential of nitrite therapy in peripheral vascular disease. nitric oxide; metabolic syndrome; angiogenesis; peripheral arterial disease; Ossabaw swine; endothelial nitric oxide synthase; nitrite PERIPHERAL ARTERIAL DISEASE (PAD) is caused by atherosclerosis, resulting in obstructions in the arteries and limiting blood supply to organs other than the heart. PAD is an important public health problem, with a total prevalence of ϳ5 million people in the United States alone (41) . A major symptomatic clinical manifestation of PAD is critical limb ischemia (CLI). CLI is defined as reduced blood flow to the lower limb resulting in pain, even at rest, with or without associated ulcers or gangrene (2) . Patients with CLI have a 6-mo risk of major amputation of 25-40% and an annual mortality of 20% (18) . Surgical and catheter-based revascularization strategies are favored approaches for CLI patients. However, because of the severe vascular dysfunction associated with CLI, many patients are poor candidates, or have no option, for revascularization. Additionally, even after successful revascularization, stenosis or failure of the grafts often reoccurs, resulting in a need for development of new treatments.
Metabolic syndrome (MetS) is characterized by abdominal obesity, dyslipidemia, hypercholesterolemia, hypertension, and hyperglycemia and currently afflicts one-third of the US adult population. Factors associated with MetS significantly impair vascular reactivity by disrupting endothelial and smooth muscle function, leading to severe vascular complications (35) . Patients with MetS have increased risk of vascular damage, leading to PAD and CLI (20) .
Ossabaw swine represent a clinically relevant animal model for MetS and are ideal for investigation of cardiovascular disease states. Over the past 400 years, these feral animals have adapted to the harsh conditions of Georgia's Ossabaw Island, often with extended periods of starvation, by feeding heavily when food is readily available and storing a greater proportion of body fat than any other breed of swine or terrestrial mammal (27) . Thus, Ossabaw swine are selectively and genetically predisposed to obesity and offer a unique natural animal model for MetS when fed a high-cholesterol atherogenic diet. After consuming the atherogenic diet, Ossabaw swine develop central obesity, insulin resistance, glucose intolerance, dyslipidemia, hypertension, and atherosclerosis (3) (4) (5) .
Nitrite, an oxidative breakdown product of nitric oxide (NO), is traditionally viewed simply as a biomarker of NO formation in biological systems that is devoid of biological activity. More recently, this view has changed with the discovery that nitrite is a physiologically important storage reservoir of NO that is readily reduced to NO under pathological conditions including ischemia (15, 30) . Nitrite has been shown to be cytoprotective in numerous animal models of ischemic injury, including myocardial ischemia-reperfusion injury (19, 31, 38) , heart failure (6), cerebral vasospasm (36) , and hindlimb ischemia (6, 10, 19, 26) . In a recent phase II PAD clinical trial (i.e., SONIC), sodium nitrite therapy was shown to be safe and well tolerated (32) . A major limitation for the clinical use of nitrite therapy for chronic disease states is the very short (i.e., 25-35 min) half-life of the currently available sodium nitrite formulations (24) . A longer half-life is likely required to generate protective levels of NO and NO-mediated signaling. Given the robust preclinical data regarding the cytoprotective effects of nitrite therapy in PAD (1, 7), we sought to evaluate the effects of a novel, sustained-release nitrite (SR-nitrite) formulation in a clinically relevant model of CLI and MetS.
METHODS
Human CLI and control skeletal muscle collection. After removal of the affected extremity, the amputation specimen was transferred to a separate sterile table, and elliptical 8 ϫ 4 cm muscle biopsies of the anterior tibialis and gastrocnemius muscles were performed. For above-knee amputations, an additional biopsy of the vastus medialis was performed. All patients consented to the use of their amputated tissue for research purposes and signed a Health Insurance Portability and Accountability Act release for use of their medical records. Patients were segregated into normal perfusion or CLI according to pulse examination and objective imaging criteria.
Animals. Castrated male Ossabaw swine, 6 -8 mo of age, were obtained from Indiana University. Although female swine display a more rapid development of dyslipidemia and atherosclerosis when fed a cholesterol-enriched high-fat diet, castrated males were utilized for this study (13, 21) . Animals were handled in compliance with the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" and according to the guidelines of the Emory University Institutional Animal Care and Use Committee, which approved the study.
Ossabaw swine diet and feeding. For 6 mo, Ossabaw swine were fed an atherogenic obese diet (1 kg/day) consisting of 2% cholesterol, 17% coconut oil, 2.5% corn oil, and 0.7% sodium cholate (KT324, Purina Test Diet).
Sodium nitrite therapy. SR-nitrite tablets were generously supplied by TheraVasc (Cleveland, OH). Animals received placebo (n ϭ 9) or SR-nitrite (80 mg, n ϭ 9) by mouth twice daily. Treatment was initiated at 14 days following induction of CLI and continued for 21 days (Fig. 1) .
CLI model. Obese male swine (n ϭ 18) were subjected to CLI as depicted in Fig. 1 . Nine pigs were originally assigned to the placebo group and nine to the SR-nitrite group in a blinded and randomized fashion. During the course of the 35-day CLI protocol, three pigs in the placebo group and two in SR-nitrite group died as a result of complications of CLI and obesity/MetS. Therefore, there were six pigs in the placebo group and seven in the SR-nitrite group at day 35. Animals were sedated with ketamine (15 mg/kg) in combination with xylazine (1 mg/kg) and, to aid induction, were endotracheally intubated and maintained on isoflurane in oxygen. The preoperative analgesic buprenorphine (0.15 mg for each pig) was administered along with the perioperative antibiotic cefazolin (1,000 mg). Postoperative analgesics, carprofen (10 mg) and buprenorphine (0.15-0.3 mg), were given immediately after the procedure. On postoperative day 1, additional analgesics, buprenorphine (0.3 mg) in combination with carprofen (100 mg), were administered. Heart rate, respiration, peripheral capillary O 2 saturation, end-tidal CO2, fluid volume, and body temperature were monitored throughout the procedure. An arteriogram was performed to verify occlusion. The guide wire, guide catheter, and introducer sheath were removed, and the left external carotid artery was ligated. The incision was closed, the animal was allowed to recover, and buprenorphine (0.05 mg/kg) was administered for analgesia. The ePTFE-lined endoprosthesis served to inhibit recanalization of the artery by collateral vessels, typically observed in animal models of CLI.
Euthanasia and tissue collection. After all in vivo measurements were completed, heparin (200 U/kg iv) was injected and allowed to circulate for ϳ5 min. Animals were euthanized while under deep inhalant anesthesia (isoflurane, 5%). The gastrocnemius muscle was collected from control and CLI limbs.
Measurement of NO metabolites. Nitrite, nitrate, S-nitrosothiol (RSNO), and NO-heme concentrations were quantified as previously described (6) . Immediately after euthanasia, ischemic and control skeletal muscles were removed and flash-frozen using liquid nitrogen. Tissue was homogenized in PBS (10 ml/mg of tissue). In some cases, differences in sample size are due to a limited quantity of adequate tissue samples required for these complex assays.
Angiography. Hindlimb vasculature was visualized during recordings using undiluted contrast (Oxilan 300, Guerbet, Bloomington, IN). Arteriographs of the uninstrumented left and occluded right iliac arteries were obtained at baseline and on day 35.
Ankle-brachial index. An automated blood pressure machine with a 2-inch cuff was used to measure limb blood pressure before CLI, immediately post-CLI, and at the end of the experiment. Animals were sedated using isoflurane in oxygen by mask to effect, and a pressure cuff was secured to each limb, rapidly inflated to ϳ30 mmHg above the anticipated systolic pressure, and then deflated slowly for determination of systolic blood pressure in each of the forelimbs and hindlimbs. Ankle-brachial index (ABI) was calculated for each side of the animal by dividing the systolic blood pressure measured at the hindlimb (ankle) by that measured at the contralateral hindlimb. In some cases, we were unable to obtain reproducible or reliable cuff readings for ABI data; in these cases, ABI was not reported. Therefore, the sample size reported for the ABI data is variable.
cGMP RIA. Skeletal muscle cGMP concentrations were quantified as previously described (6) .
Western blot analysis. Gastrocnemius muscle was used for Western blot analysis, performed as described previously (25) . The following primary antibodies were used: VEGF (Abcam), CD31 (Novus Biologicals), Ser 1177 -phosphorylated endothelial NO synthase (eNOS; Cell Signaling), and eNOS, Thr 495 -phosphorylated eNOS, and GAPDH (Santa Cruz Biotechnology).
Real-time PCR. Skeletal muscle mRNA was quantified using TaqMan primers (Life Technologies) as previously described (34) .
Quantitative angiographic score. Collateral vessel growth in the control and CLI limbs was assessed using a grid overlay of 2-mm squares (44) . Quantitative vessel analysis was performed on angiographic images of the control and CLI limbs distal from the ePTFElined endoprosthesis at post-CLI day 35. The angiogenic score was calculated as percentage of the number of contrast-opacified vessels crossing the squares divided by the total number of vessels. Sample size was limited to five per group because of technical complications during angiographic imaging as well as the high mortality rate in the Ossabaw swine subjected to CLI.
ELISAs. VEGF, CD31, and von Willebrand factor were assayed using ELISA kits according to the manufacturer's recommendations (MyBioSource, San Diego, CA).
Determination of protein carbonyl content. Protein carbonyl content of skeletal muscle was measured as described previously (25) .
Measurement of malondialdehyde levels. Malondialdehyde (MDA) levels were measured in skeletal muscle as previously described (25) .
Statistical analysis. Values are means Ϯ SE. Differences in data between the groups were compared using Prism 4 (GraphPad Software) with Student's unpaired, two-tailed t-test when only two groups were compared. P Ͻ 0.05 was considered statistically significant.
RESULTS

CLI patients exhibit NO deficiency.
The NO intermediates (nitrite, nitrosothiols, and NO-heme), as well as cGMP and cGMP-dependent protein kinase-1 (PKG-1), were measured in gastrocnemius, anterior tibialis, and vastus medialis tissue obtained postamputation from normal and CLI patients (Fig.  2) . Patient data for the control and CLI patients are presented in Table 1 . We observed significant (P Ͻ 0.01) reductions in skeletal muscle nitrite ( Fig. 2A), RSNO (Fig. 2B) , and NOheme (Fig. 2C ) levels in CLI patients compared with agematched controls. Skeletal muscle cGMP levels were also significantly (P Ͻ 0.01) attenuated in CLI patients compared with controls (Fig. 2D) . Furthermore, PKG-1 protein expression and mRNA levels were significantly (P Ͻ 0.01) reduced in CLI tissues compared with controls (Fig. 2, G and H) .
Obese Ossabaw swine exhibit eNOS dysfunction and are NO-deficient. Western blot analysis of soleus muscle obtained from lean and obese swine revealed no change in total eNOS protein expression (Fig. 3B) . However, there was a significant increase in phosphorylation at the eNOS inhibitory site, Thr 495 , in the obese swine (Fig. 3C ). There was no difference in phosphorylation status at the eNOS activation site, Ser 1177 , between groups (Fig. 3D ). Asymmetric dimethylarginine (ADMA) is structurally similar to L-arginine and inhibits NO synthase, resulting in decreased NO production and endothelial dysfunction. The obese swine displayed elevated circulating ADMA levels compared with the lean group (Fig. 3E) . Nitrite, a marker for NO bioavailability, was significantly (P Ͻ 0.05) decreased in plasma and skeletal muscle of the obese animals compared with the lean controls (Fig. 3F) , providing further evidence of NO insufficiency in the obese Ossabaw animals.
Pharmacokinetics of SR-nitrite in CLI. Beginning at post-CLI day 14, SR-nitrite (80 mg) or placebo was administered by mouth twice daily for 21 days (Fig. 4A) . We did not observe a significant change in plasma nitrite or nitrate in the placebotreated group during the 35-day CLI experimental protocol. In contrast, we observed an increase in circulating nitrite levels following SR-nitrite therapy, with a statistically significant (P Ͻ 0.05) difference between the SR-nitrite-and placebotreated groups at day 35. We failed to observe statistically significant increases in circulating nitrite levels at days 21 and 28. This is possibly due to immediate reduction of nitrite to NO and NO scavenging in the circulation due to severe ischemia and oxidative stress in the setting of CLI. Additionally, plasma nitrate levels were markedly increased following SR-nitrite administration at days 21 (P Ͻ 0.01), 28 (P Ͻ 0.01), and 35 (P Ͻ 0.05; Fig. 2C ). Furthermore, we observed an increase in skeletal muscle tissue nitrite (Fig. 4B) and nitrate (Fig. 4D ) levels following SR-nitrite therapy, as evidenced by a fourfold increase (P Ͻ 0.01) in nitrite in the CLI limb compared with the placebo-treated group. We also examined RSNO concentrations in plasma and skeletal muscle. At day 35, plasma RSNO levels were significantly (P Ͻ 0.05) greater in the nitrite-than placebo-treated group. We observed a 3.9-fold increase in tissue RSNO concentration in the CLI limb of the nitrite-compared with placebo-treated swine (Fig. 4E) . These data indicate that nitrite levels are increased in the ischemic limb and result in increased NO bioavailability. Safety of augmented nitrite levels following therapy was validated by stable circulating methemoglobin levels in the SR-nitrite-treated group at day 35. There was no difference in percent methemoglobin between the SR-nitrite-and placebo-treated groups (3.1 Ϯ 0.9% vs. 2.1 Ϯ 0.5%, P ϭ NS).
Nitrite therapy fails to improve extremity blood flow in CLI. Measurement of blood flow revealed an immediate reduction in ABI to 0 following the CLI procedure. This reduction gradually improved during the 35-day CLI protocol but continued to demonstrate a persistent ischemic state. ABI (Fig. 5 ) revealed no significant change in blood flow of the ischemic limb comparing the SR-nitrite-vs. placebo-treated group.
Contrast angiography. Representative, magnified-view contrast angiographic images of Ossabaw swine peripheral vasculature obtained at baseline, immediately after induction of CLI, and at post-CLI day 35 are shown in Fig. 6A .
Hindlimb vessel density was determined from the angiographic score of the magnified-view contrast angiographic images for the control and CLI limb distal from the ePTFElined endoprosthesis at post-CLI day 35. Quantitative angiographic analysis (Fig. 6B ) revealed a significant reduction in perfusion of the CLI limb (P Ͻ 0.01) in the placebo-treated group compared with the control limb; however, no significant change (P ϭ NS) was observed in the SR-nitrite-treated animals between the control and CLI limb at post-CLI day 35. Angiographic assessment of hindlimb perfusion at day 35 revealed no significant changes in the CLI limb of SR-nitritetreated animals compared with the placebo-treated group.
Nitrite therapy promotes angiogenic signaling in the ischemic limb. Quantitative PCR and Western blot analysis performed at post-CLI day 35 demonstrate increases in known angiogenic signals following SR-nitrite therapy (Fig. 7) . VEGF Values for age are means Ϯ SD. Skeletal muscle biopsies were obtained from anterior tibialis and gastrocnemius muscles. CLI, critical limb ischemia. mRNA (Fig. 7A ) was increased by approximately twofold in the ischemic limb following SR-nitrite treatment (P Ͻ 0.05 vs. placebo). Platelet endothelial cell adhesion molecule-1 (or CD31) is a marker for endothelial cell expansion, and we did not observe an increase in CD31 mRNA in the CLI limb of SR-nitritecompared with placebo-treated animals (P ϭ 0.51; Fig. 7B ). Representative Western blots for VEGF and CD31 are shown in Fig. 7C . VEGF protein expression trended higher (P ϭ 0.051) in the SR-nitrite-than placebo-treated CLI limb, while SR-nitrite failed to alter VEGF protein expression in the control limb (Fig.  7D ). CD31 protein expression was significantly (P Ͻ 0.05) increased in the CLI limb of the SR-nitrite-group compared with the placebo-treated group (Fig. 7E) . Skeletal muscle protein levels of basic fibroblast growth factor (Fig. 7F) were unchanged in control and CLI limbs of placebo-and SR-nitrite-treated animals. However, we did observe a significant (P Ͻ 0.05) increase in skeletal muscle von Willebrand factor in the CLI limb of the SR-nitrite-treated group (Fig. 7G) . Collectively, these data suggest that SR-nitrite therapy did result in increased angiogenic activity in ischemic hindlimb skeletal muscle.
SR-nitrite attenuates skeletal muscle oxidative stress and activates eNOS following CLI.
One of the pathological consequences of chronic tissue ischemia is increased oxidative stress and cellular injury. Since NO is known to modulate redox status and mitigate oxidative stress, we evaluated the extent of oxidative stress in control and CLI skeletal muscle at post-CLI day 35 . Skeletal muscle levels of carbonyl and MDA are shown in Fig. 8 . Carbonyl levels (Fig. 8A) were unchanged in the control limb following CLI. However, carbonyl levels were significantly (P Ͻ 0.05) elevated in the CLI limb compared with the control limb in placebo-treated animals. Treatment with SR-nitrite significantly (P Ͻ 0.05) attenuated carbonyl levels in the CLI limb compared with placebo treatment. Similar results for MDA are shown in Fig. 8B . No changes in MDA levels were observed in the control limb following CLI. MDA levels were significantly (P Ͻ 0.05 vs. control) increased in the CLI limb of placebo-treated animals compared with the control limb. SR-nitrite failed to significantly attenuate MDA levels in the CLI limb compared with placebo treatment. These studies confirm previous findings that nitrite and NO significantly attenuate oxidative stress during pathological states (23, 42) . Recent studies have shown that nitrite therapy activates eNOS and that a reduction in oxidative stress also recouples eNOS to its more functional dimerized form (6, 11, 25) . We observed that SR-nitrite therapy resulted in improved eNOS functionality in the ischemic skeletal muscle, as evidenced by increased Ser 1177 phosphorylation of eNOS compared with placebo treatment (Fig. 8, C and E) . There was no change in total eNOS expression between groups (Fig. 8, C and D) .
DISCUSSION
Effective new treatments for CLI are critically important, given the high incidence of major amputation and mortality in this population (22) . Increasing blood flow, tissue perfusion, and oxygen and nutrient delivery via new vessel growth or collateralization could promote tissue regeneration and/or delay or prevent tissue necrosis and the development of conditions such as gangrene. Since ϳ50% of CLI patients are poor candidates for revascularization because of unavailable anatomy or conduit (37), we sought a pharmacological approach to enhance perfusion, attenuate skeletal muscle injury, and reduce necrosis in a severe model of CLI in the setting of obesity and MetS. In the present study we evaluated the effects of delayed therapy with a novel, SR-nitrite formulation on severe CLI in a clinically relevant porcine model of obesity and MetS. Our data clearly indicate that oral administration of SR-nitrite is well tolerated, increases circulating and ischemic zone tissue levels of nitrite and other NO intermediates, reduces oxidative stress in ischemic tissue, and triggers proangiogenic and cytoprotective tissue signaling in the setting of severe CLI. However, we failed to observe significant increases in ischemic zone blood flow or vascularity following SR-nitrite treatment in CLI.
Previous studies of limb ischemia have been primarily limited to murine and rabbit model systems, in which CLI is introduced via surgical ligation of the femoral artery (16, 40) . This procedure often results in substantial angiogenic and arteriogenic responses, with complete restoration of hindlimb blood flow in a relatively short time frame. This response to surgical occlusion of a peripheral artery is inconsistent with the pathophysiology of PAD or CLI in humans (12, 26, 43) . Therefore, we sought to create a more clinically relevant model of CLI in the setting of obesity/MetS. Angiographic analysis and ABI measurements immediately following CLI induction clearly demonstrate complete occlusion of the external iliac artery and undetectable ankle blood pressure. At post-CLI day 35, angiography revealed a nearly complete absence of significant collateral vessel growth at the location of the stent. It is well established that blood vessels require continuous production of NO (29), and reductions in NO bioavailability significantly impact vascular function, resulting in vasoconstriction, thrombosis, atherogenesis, and hypertension (17) . Initial experiments demonstrated significant reductions in NO bioavailability and NO-mediated signaling in human gastrocnemius muscle of CLI tissue compared with healthy control tissue. Böger et al. (8) observed a correlation between gradual reduction of NO synthesis and increased symptoms in PAD patients. NO deficiency, likely due to the combination of NO scavenging and NO synthase dysregulation, results in profound reductions in NO bioavailability and vascular dysfunction. In addition to being a potent vasodilator, antiapoptotic agent, and antioxidant, NO has also been shown to mediate angiogenesis and promote blood flow in response to tissue ischemia (14, 33) . Specifically, NO therapy with sodium nitrite increases ischemic hindlimb blood flow and vascular density in murine models of PAD, including the db/db diabetic mouse model (26) . Although no large-animal studies of treatment of CLI with NO-based therapeutics have been reported, a recent phase II clinical trial for safety and efficacy in which PAD patients were treated with oral sodium nitrite reported the drug to be well tolerated (32) . High-dose sodium nitrite resulted in improved endothelial function, as seen by changes in flowmediated vasodilation, along with improvements in overall physical functioning and pain, in diabetic patients (32) .
In the current study we investigated a SR-nitrite formulation that was administered orally. Nitrite is metabolized fairly rapidly in vivo under conditions of tissue ischemia, and the SR-nitrite formulation utilized in the current study was selected to provide more continuous nitrite delivery to the ischemic limb. Safety was validated by stable circulating methemoglobin levels in the SR-nitrite-treated group. Pharmacokinetic analysis revealed a steady and significant rise in circulating nitrite, as well as nitrite delivery to the ischemic limb following treatment. Importantly, RSNO levels in the plasma and ischemic limb indicate that nitrite was converted to NO, as evidenced by increases in NO-bound protein. In the placebotreated group, there was a significant reduction in RSNO and a trending decrease in nitrite levels in skeletal muscle of the ischemic compared the control limb. This reduction in NO intermediates in the porcine CLI model is consistent with our finding that NO levels are significantly attenuated in skeletal muscle from CLI patients.
The occlusion of large vessels presents a challenging scenario for a pharmacological agent, where the ischemic tissue requires extensive vessel formation to prevent necrosis. Preclinical studies using murine models of hindlimb ischemia have shown NO to be a proangiogenic factor (9, 28, 45) . In the current study we evaluated whether nitrite therapy had an impact on collateralization and revascularization of larger vessels. Analysis of gastrocnemius skeletal muscle revealed a trending, but not statistically significant, increase in vessel density in the ischemic limb of the SR-nitrite-treated group. ABI measurements confirm that there was no improvement in ischemic limb blood pressure following SR-nitrite therapy. However, analysis of the angiogenic growth factor VEGF and markers for endothelial cell proliferation (CD31 and von Willebrand factor) indicated that SR-nitrite therapy did, in fact, promote signaling for vessel growth.
A primary limitation of this study is the extreme severity of CLI that is induced following implantation of a covered stent in combination with an AMPLATZER occluder in the external iliac artery. This procedure results in complete occlusion of the external iliac artery and initial absence of blood flow. The extreme reductions in hindlimb perfusion coupled with MetS result in an extremely severe model for testing therapies. Another potential limitation of our study is the delayed administration of SR-nitrite therapy at post-CLI day 14 and the relatively short duration of SR-nitrite therapy. Although therapy would have likely been more beneficial if administered at the time of CLI induction, we initiated SR-nitrite therapy in a clinically relevant timeline. Similarly, if we had administered the SR-nitrite beyond day 35, we may have observed improvements in hindlimb perfusion and ABI.
Upregulation of endothelial proliferation factors, such as VEGF, may not have resulted in arterial vessel formation and improved blood flow due to the severe model and delayed SR-nitrite therapy. It is not entirely surprising that sustained VEGF signaling observed in these studies (day 35) failed to result in endothelial proliferation. Recent studies suggest that prolonged elevations in VEGF-A can act as a negative regulator via a splicing mechanism to inhibit angiogenic signaling (39) .
Finally, our data reveal that circulating and ischemic tissue levels of nitrite were significantly increased at 21 days following initial dosing, but we failed to observe statistically significant increases in plasma nitrite at the earlier time points. It is unclear exactly what circulating or tissue levels are required to exert cytoprotective and proangiogenic effects in animal models or humans. Therefore, it is conceivable that our dosing regimen did not result in therapeutic nitrite levels during the entire treatment period. Our dosing rationale was based on a phase II clinical trial to treat patients with PAD (32) .
While the present study provides important new insights into nitrite therapy in CLI, additional studies are clearly required to more fully evaluate the therapeutic potential of SR-nitrite and other nitrite formulations in severe PAD and CLI to determine the potential efficacy of this NO-based therapeutic in patients with peripheral vascular disease.
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